To determine if the association between hyperuricaemia and poor outcomes in heart failure (HF) varies by chronic kidney disease (CKD).
Introduction
Studies of hyperuricaemia and outcomes in heart failure (HF) are limited by small sample size, short follow-up, lack of definitive endpoints, failure to adjust for prognostically important covariates, and use of traditional regression-based risk adjustment. 1 -5 Further,
little is known about whether the association between hyperuricaemia and poor outcomes in HF is a direct effect of uric acid or is mediated by xanthine oxidase. Because uric acid is primarily eliminated via the kidneys, hyperuricaemia in HF patients without chronic kidney disease (CKD) may be considered primarily due to increased production of uric acid and thus a marker of increased xanthine oxidase activity. 6 On the other hand, hyperuricaemia in patients with CKD may in large part be considered due to impaired renal excretion of uric acid and thus not associated with increased xanthine oxidase activity. Therefore, we hypothesized that if high serum uric acid is associated with poor outcomes in those without CKD but not in those with CKD, it would suggest lack of an intrinsic effect of high serum uric acid levels, but rather an effect of increased xanthine oxidase activity.
In the Beta-Blocker Evaluation of Survival Trial (BEST), extensive data on baseline characteristics including serum uric acid and various outcomes were collected on 2708 HF patients. 7 The aims of the current investigation were to (i) investigate the effect of hyperuricaemia in a propensity-matched cohort of chronic advanced systolic HF patients who would be well-balanced on all measured baseline characteristics, and (ii) to gain further insight into the mechanism of action of uric acid in HF by examining the effect of uric acid on subgroups of patients with and without CKD.
Methods

Setting and patients
We used a public-use copy of the BEST data obtained from the National Heart, Lung and Blood Institute (NHLBI), which had data on 2707 patients (one patient did not consent to be included in the public-use copy of the data). The design and results of the BEST trial have been previously described. 7 Briefly, 2708 chronic advanced (mean duration of HF, 49 months) systolic (mean left and right ventricular ejection fraction, 23 and 35%, respectively) HF patients from the USA and Canada were randomized to receive bucindolol or placebo between 1995 and 1998. All patients had New York Heart Association class III-IV symptoms and over 90% were receiving an angiotensinconverting enzyme (ACE) inhibitor, loop diuretic, and digitalis.
Baseline hyperuricaemia
Data on baseline serum uric acid were available from 2645 (98%) patients and 1422 (54%) had hyperuricaemia defined as serum uric acid of .6 mg/dL for women and .8 mg/dL for men. There is no standard definition for hyperuricaemia in advanced systolic HF and values .7 mg/dL have been used to define hyperuricaemia in men with mild to moderate HF. 8 -10 Therefore, we used a cut-off of .8 mg/dL to define high serum uric acid for men, and used a 25% lower cut-off of .6 mg/dL for women.
11
Outcomes
Primary outcomes were all-cause mortality and HF hospitalization during 25 months of median follow-up (range, 0.03-50 months). Secondary outcomes were cardiovascular mortality, HF mortality, sudden cardiac death, and all-cause hospitalization, and combined endpoint of HF hospitalization or all-cause mortality. All outcomes in BEST were centrally adjudicated.
Assembly of study cohort
To reduce significant imbalances in baseline characteristics between patients with and without hyperuricaemia ( Table 1) , we used propensity score matching to assemble a balanced cohort. The propensity score for hyperuricaemia for a patient would be that patient's probability of having hyperuricaemia based on his/her measured baseline characteristics. We estimated propensity scores for hyperuricaemia for each of the 2645 patients, using a non-parsimonious multivariable logistic regression model. 12, 13 In the model, hyperuricaemia was the dependent variable and 75 baseline characteristics displayed in Figure 1 were used as covariates. We then used a greedy matching protocol to match 630 pairs of patients with and without hyperuricaemia who had similar propensity scores. 14, 15 Because propensity score models are sample-specific adjusters and are not intended to be used for out-of-sample prediction or estimation of coefficients, measures of predictive fitness and discrimination are not important for assessment of the model's effectiveness. Instead, the model's effectiveness is best assessed by its ability to balance covariates between the groups. As such we estimated absolute standardized differences, expressed as a percentage of the pooled standard deviations, to assess post-match balance and presented them as a Love plot ( Figure 1 ). An absolute standardized difference of 0% indicates no residual bias and values ,10% are generally considered inconsequential. . All data analyses were performed using SPSS-15 for Windows. 19 All P-values were twosided and P , 0.05 was regarded as statistically significant.
Statistical analysis
Results
Patient characteristics
Patients (n ¼ 1260) had a mean (+SD) age of 60 (+12) years, 19% were women, and 22% were African Americans. Before matching, patients with hyperuricaemia were more likely to be women and African-American. However, overall those with hyperuricaemia had longer mean duration of HF with a higher burden of HF symptoms and lower mean left and right ventricular ejection fraction ( Table 1) . They also had higher prevalence of comorbidities such as hypertension and CKD. These and other pre-match imbalances in baseline characteristics were balanced after matching ( Table 1 and Figure 1 ). The mean (+SD) serum uric acid levels for matched patients with and without hyperuricaemia were 9.2 (+1.6) and 6.3 (+1.2) mg/dL, respectively (P , 0.001). The median (interquartile range) of serum uric acid for matched patients with and without hyperuricaemia were 8.9 (8.3 -10.1) and 6.5 (5.5 -7.4), respectively. All post-match absolute standardized differences were ,10% and were ,5% for 67 of the 75 baseline characteristics, suggesting substantial bias reduction ( Figure 1 ).
Hyperuricaemia and mortality
All-cause mortality occurred in 33 and 28% of patients with and without hyperuricaemia [hazard ratio (HR) when hyperuricaemia was compared with normouricemia, 1.44; 95% confidence interval (CI), 1.12-1.85; P ¼ 0.005; Table 2 and Figure 2A ]. In the absence of a hidden bias, a sign-score test for matched data with censoring provides evidence (P ¼ 0.005) that patients without hyperuricaemia clearly outlived those with hyperuricaemia. covariate that is a near-perfect predictor of mortality could potentially explain away this association if it would increase the odds of hyperuricaemia by 1.1%. Pre-match association between hyperuricaemia and all-cause mortality is displayed in Table 2 . The associations of hyperuricaemia with cause-specific mortalities are displayed in Table 3 .
Hyperuricaemia and hospitalization
Hospitalization due to worsening HF occurred in 42 and 35% of patients with and without hyperuricaemia, respectively (HR when hyperuricaemia is compared with normouricaemia, 1.27; 95% CI, 1.02 -1.58; P ¼ 0.031; Table 2 and Figure 2B ). In the absence of a hidden bias, a sign-score test for matched data with censoring provided strong evidence (P ¼ 0.031) that patients without hyperuricaemia clearly had fewer HF hospitalization than those with hyperuricaemia. An unmeasured covariate that is a near-perfect predictor of HF hospitalization could potentially explain away this association if it would increase the odds of hyperuricaemia by 1.00%. The association between hyperuricaemia and HF hospitalization was homogenous across other subgroups of patients ( Figure 3) . Pre-match association between hyperuricaemia and HF hospitalization is displayed in Table 2 . The association of hyperuricaemia with all-cause hospitalization is displayed in Table 3 .
Effect modification by chronic kidney disease
Overall, 397 (32%) patients had CKD. The mean (+SD) serum uric acid levels for matched patients with and without CKD were 8.0 (+2.0) and 7.7 (+2.0) mg/dL, respectively (P ¼ 0.005). Among patients without CKD, all-cause mortality occurred in 30 and 23% of those with and without hyperuricaemia (HR for hyperuricaemia, 1.40; 95% CI, 1.08-1.82; P ¼ 0.011; Figure 4 ). Among those with CKD, 41 and 40% of patients with and without hyperuricaemia died, respectively (HR for hyperuricaemia, 0.96; 95% CI, 0.70-1.31; P ¼ 0.792; P for interaction ¼ 0.072; Figure 4 ). Similar associations were noted for cardiovascular mortality (data not shown). Heart failure hospitalization occurred in 41 and 31% of non-CKD patients with and without hyperuricaemia (HR for hyperuricaemia, 1.49; 95% CI, 1.19-1.86; P ¼ 0.001) and 45 and 43% of CKD patients with and without hyperuricaemia (HR for hyperuricaemia, 0.99; 95% CI, 0.74-1.33; P ¼ 0.942; P for interaction ¼ 0.033; Figure 3 ). The combined endpoint of HF hospitalization or all-cause mortality occurred in 54 and 43% of non-CKD patients with and without hyperuricaemia (HR for hyperuricaemia, 1.44; 95% CI, 1.18-1.74; P , 0.0001) and 62 and 59% of CKD patients with and without hyperuricaemia (HR for hyperuricaemia, 0.99; 95% CI, 0.77-1.28; P ¼ 0.955; P for interaction ¼ 0.024; data not shown). The association between hyperuricaemia and outcomes were generally homogeneous across other subgroups of patients (Figures 3 and 4) .
Discussion
Findings from the current analysis demonstrate that hyperuricaemia was common in patients with advanced chronic systolic HF and was associated with increased mortality and hospitalization in these patients. However, these associations were only observed in patients without CKD but not in those with CKD, despite a higher mean serum uric acid level among the latter group. . ............ ............ ............ ............ ........... ............ ............ ............ ........... ............ ............ ............ ........... ............ . Normal uric acid is defined as serum uric acid of ≤6 mg/dL for women and ≤8 mg/dL for men. c High uric acid is defined as serum uric acid of .6 mg/dL for women and .8 mg/dL for men. heart failure hospitalization. CI, confidence interval; HR, hazard ratio.
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Because patients without CKD are expected to have normal renal clearance of uric acid, hyperuricaemia in those patients is likely primarily due to increased production and thus a marker of increased xanthine oxidase activity. In patients with CKD, on the other hand, hyperuricaemia could be both due to impaired renal clearance and increased production. The significant association of hyperuricaemia with poor outcomes, when hyperuricaemia is primarily due to increased production, suggests that hyperuricaemia may predict poor outcomes only when it is a marker of increased xanthine oxidase activity. These findings are important as they may provide important insights into the complex association between elevated serum uric acid levels and poor outcomes in HF.
As the association between hyperuricaemia and poor outcomes was observed in a cohort of propensity-matched patients who Absolute differences in event rates were calculated by subtracting the event rates in the high uric acid group from the event rates in the normal uric acid group (before values were rounded).
b
Normal uric acid is defined as serum uric acid of ≤6 mg/dL for women and ≤8 mg/dL for men.
c High uric acid is defined as serum uric acid of .6 mg/dL for women and .8 mg/dL for men. were balanced on 75 baseline characteristics, it is tempting to conclude that hyperuricaemia may have an intrinsic association with poor outcomes. However, the observed association of hyperuricaemia with poor outcomes in those without CKD, but not in those with CKD, suggests a more complex relationship and may provide possible mechanistic insights into the effect of uric acid. Uric acid is produced as an end product of purine catabolism by xanthine oxidase and is excreted through the kidneys. 2, 6 Therefore, serum uric acid levels can be elevated as a result of either an increased production, or an impaired renal excretion, or a combination thereof. Because uric acid excretion involves renal blood flow, glomerular filtration, and tubular secretion and reabsorption, it is possible that renal excretion of uric acid may be impaired even in the presence of normal GFR. However, findings from our prematch cohort suggest that CKD was significantly associated with both higher prevalence and greater severity of hyperuricaemia. The prevalence of hyperuricaemia was higher (71 vs. 44% for those without CKD; P , 0.001) and the mean serum uric acid level was also higher (9.0 vs. 7.6 mg/dL for those without CKD; P , 0.001) among those with CKD. Therefore, patients with CKD had a higher degree of impairment in renal excretion of uric acid. Because hyperuricaemia in HF patients without CKD is likely to be primarily due to an increased production of uric acid, any effect of hyperuricaemia in these patients might be either a direct effect of uric acid or that of xanthine oxidase. Hyperuricaemia in HF patients with CKD, on the other hand, is additionally caused by an impaired renal excretion of uric acid. Yet, despite having a significantly higher mean serum uric acid level, hyperuricaemia had no association with outcomes in those with CKD. However, when hyperuricaemia is a marker of increased xanthine oxidase activity, it predicts poor outcomes, thus highlighting a potential mechanistic role of xanthine oxidase. Xanthine oxidase is known to generate free oxygen radicals and cause inflammation and oxidative stress. 20 -23 Although the role of xanthine oxidase in HF is not clearly established, its inhibition has been shown to improve myocardial energetics and left ventricular function in both animal models and human HF. 24 -27 On the other hand, a reduction in the serum uric acid level without also reducing the xanthine oxidase activity has not been shown to improve haemodynamic impairment in HF. 28 Interestingly, xanthine oxidase inhibition has not been shown to improve outcomes in HF patients. 29 The findings of the current study are consistent with our recent findings from the Cardiovascular Health Study in communitydwelling older adults. 30 In that study, hyperuricaemia-associated increased risk of incident HF was significant only in those without CKD, but not in those with CKD. 30 Although this difference was not statistically significant, in that study, the hyperuricaemia-associated increase in incident HF was only observed in those with normal serum insulin levels, but not in Figure 4 Association of hyperuricaemia and all-cause mortality in subgroups of matched patients. CI, confidence interval; HR, hazard ratio.
those with hyperinsulinaemia, a difference that was statistically significant. 31 As in CKD, renal excretion of uric acid has been shown to be impaired in those with hyperinsulinaemia. 32 -37 These findings are also consistent with findings from the Atherosclerosis Risk In Communities study, in which hyperuricaemia was associated with poor outcomes among those without CKD but not in those with CKD. 38 Cumulative data from these studies suggest that hyperuricaemia may be associated with adverse cardiovascular outcomes when it is a marker of increased xanthine oxidase activity but not when it is caused by impaired renal elimination of uric acid.
To the best of our knowledge, this is the first report of interactions between serum uric acid and CKD on major natural history endpoints in a relatively large propensity-matched population of advanced chronic systolic HF patients, who were wellbalanced in 75 measured baseline covariates. These findings have several important clinical and public health implications. Given the high prevalence of CKD in HF, serum uric acid may not be an efficient predictor of poor outcomes in an unselected population of HF patients. However, our data suggests that serum uric acid may be used to risk-stratify HF patients without CKD. While the use of inhibitors of xanthine oxidase may improve endothelial function and peripheral vasodilator capacity, currently there is no evidence that their use improves outcomes in HF. 24, 26, 29, 39, 40 One potential explanation for this may be that CKD is common in HF and hyperuricaemia in the presence of CKD may not represent enhanced xanthine oxidase activity. Whether the use of inhibitors of xanthine oxidase in HF patients without CKD will improve outcomes remains to be seen. In the absence of such evidence, drugs such as allopurinol should not be routinely used to treat asymptomatic hyperuricaemia in unselected HF patients. Our study has several limitations. Participants in the BEST trial were relatively young, predominantly male patients with advanced HF which may limit generalizability. Loss of patients in the matching process may have compromised external validity. However, it is likely to have enhanced internal validity as these patients were balanced on 75 demographic, clinical, subclinical, and biochemical variables. Further, we were able to replicate our key findings in all patients using traditional multivariable and propensity score adjustments. Our sensitivity analysis demonstrated that the association of high serum uric acid and HF hospitalization in our matched cohort may be modestly sensitive to an unmeasured binary covariate. However, sensitivity analysis cannot determine if any such covariate exists or not. Further, for any unmeasured covariate to be a confounder it must be a near-perfect predictor of outcome and not be strongly correlated with any of the covariates used in the propensity model. Patients with normal serum uric acid at baseline may have developed hyperuricaemia during follow-up and those with hyperuricaemia may have received therapy with allopurinol. However, this regression dilution is known to underestimate true associations. 41 In conclusion, although hyperuricaemia had unadjusted associations with poor outcomes in patients with advanced chronic systolic HF, these associations did not appear to be intrinsic in nature. Although hyperuricaemia was greater in those with CKD than in those without, it had no association with outcomes in those with CKD but was associated with poor outcomes in those without CKD. These findings suggest that hyperuricaemia may predict poor outcomes when it is primarily a marker of increased xanthine oxidase activity, but not when it is primarily due to impaired renal excretion of uric acid. Future studies need to determine if inhibiting xanthine oxidase activity may improve outcomes in HF patients without CKD.
